Objective: A reduced risk of some cancers and cardiovascular disease associated with phytoestrogen intake may be mediated through its effect on serum C-reactive protein (CRP) (an inflammation biomarker). Therefore, this study examined the associations between urinary phytoestrogens and serum CRP. 
Introduction
C-reactive protein (CRP) is an acute phase reactant and its plasma concentrations rise rapidly in a cytokine-mediated response to tissue injury, infection, or inflammation [1] . In previous studies, CRP levels have been positively associated with the risk of developing or dying from cancer [2, 3] and cardiovascular disease [4, 5] . Inflammation has been linked to carcinogenesis [6] . Experimental studies have shown that an increased risk of some cancers associated with certain inflammatory diseases was likely mediated through the inhibition of apoptosis [7] , prolonged activation of signal transducers, activator of transcription 3 (STAT3) [8] , and the deactivation of tumor necrosis factor alpha (TNF-α) [9] . As for the potential mechanisms by which CRP is involved in cardiovascular risk, in-vitro and animal studies have revealed that CRP may actively participate in plaque development through inducing monocyte adhesion to the endothelium [10] and promoting macrophage cholesterol accumulation [11] . Therefore, it is possible that reducing serum CRP levels may lower the risk of cancer and cardiovascular disease.
Phytoestrogens are a group of botanical bioactive compounds that are structurally similar to estrogen [12] . The biological effects of phytoestrogens, observed in experimental studies, is in part ascribed to the competition of these compounds with endogenous estrogen for binding to estrogen receptors [13, 14] . There are two principal classes of phytoestrogens, isoflavones (genistein and daidzein) and lignans (pinoresinol and lariciresinol). The richest dietary source of isoflavones is soy products, kudzu root, and American groundnuts [15, 16] , whereas dietary lignans are primarily obtained from flax seed, green tea, and strawberries [17] . Both isoflavones and lignans are metabolized by the gut bacteria to form their derivative compounds (equol and O-desmethylangolensin for isoflavones, and enterodiol and enterolactone for lignans) [18] . A growing number of studies have shown that urinary concentrations of phytoestrogens are reliable, objective biomarkers of their dietary intakes [19, 20] .
Intake of total and individual phytoestrogens and their biomarkers have been associated with a reduced risk of several cancers, cardiovascular disease, and other health conditions in some epidemiologic studies [21] [22] [23] [24] . However, the biological mechanisms underlying these associations remain elusive. Epidemiologic studies evaluating the effect of dietary phytoestrogens on CRP levels have yielded inconsistent results, with both the CRP-lowering [25] and null [26] effects reported. It should be noted that most of those previous studies were conducted among specific groups of subjects (e.g. postmenopausal women). To date, little is known about the associations between dietary phytoestrogens and CRP levels in a large sample of the general population. Therefore, the present study was conducted to investigate this research question using data on urinary phytoestrogens and serum CRP, previously collected from the continuous National Health and Nutrition Examination Survey (NHANES) [27] .
Subjects and Methods

Study Population
Data obtained from the NHANES for the years 1999-2010 were analyzed in this study. The data in this period of time were selected because 2010 is the most recent year for which data on urinary phytoestrogens were available at the time of the study. NHANES is an annual crosssectional study initiated in 1999 by the Center for Disease Prevention and Control (CDC) to assess the health and nutritional status of the general U.S. population. Data collection and sampling procedures for NHANES have been described in detail elsewhere [28] .
A total of 62,160 subjects enrolled in the NHANES in 1999-2010 completed the personal interview and health examination. The subjects included in the statistical analysis was confined to those who were 40 years of age or older primarily because the present study was intended to offer an insight on whether dietary intake of phytoestrogens alters the risk of cancer and cardiovascular diseases in part through their influence on inflammatory process. In addition, these two leading causes of death are not common among subjects who are younger than 40 years old [29] . Urinary phytoestrogens and serum CRP were measured among a subset of all participants to reduce participant burden and facilitate the scheduling of the interview and completion of the health examination. All subjects in the subsample were randomly selected from the pool of total participants to obtain a nationally representative sample, with subsample weights calculated to account for probability of being selected into the subsample and additional non-response [27] . Excluding subjects who were less than 40 years old and those who did not have data on urinary phytoestrogens and serum CRP resulted in 6,009 subjects remaining for the data analysis.
The approval of the present study by the Institutional Review Board of Indiana University was not applicable as the data analyzed are de-identified and available in public domains.
Questionnaire Data Collection
NHANES participants were interviewed to collect data on demographic characteristics and lifestyle factors. Demographic variables relevant to this study included age, sex, race (nonHispanic White, non-Hispanic Black, and other race including multiracial), marital status (married or living with partner, widowed, divorced, or separated, and never married), and education level (less than high school, high school graduate or equivalent, and more than high school). Lifestyle variables considered in this study were smoking status [never smokers (smoking 0 or <100 cigarettes in lifetime), former smokers (smoking ≥100 cigarettes in lifetime but not currently smoking), and current smoker], alcohol consumption (0, ≤1, and >1 drink/week), and dietary intake of energy and nutrients. The dietary intake of the subjects was assessed by using a 24-hour dietary recall. Alcohol intake was determined with a comprehensive survey questionnaire. Body mass index (BMI) (kg/m 2 ) was calculated from body height and weight measured during the health examination.
Laboratory Measurements
Urinary Phytoestrogens 
Statistical analysis
Sample weights were applied to the data through the calculation of a 12-year weight variable according to the NCHS guidelines for combining two or more two-year cycles of the continuous NHANES data to produce unbiased national estimates. Urinary excretion of total phytoestrogens was calculated by summing the individual phytoestrogens for both total isoflavones and total lignans. Demographic, anthropometric, and lifestyle characteristics of subjects as well as their urinary concentrations of total and individual phytoestrogen were compared by the quartiles of serum CRP. Chi-square tests and analysis of variance were employed to compare differences in categorical and continuous variables across CRP quartiles, respectively. As urinary phytoestrogens are continuous variables, their differences among subjects in different CRP quartiles were examined by analysis of variance.
Urinary phytoestrogens and serum CRP were log-transformed to improve the normality of their distributions before data analysis. As expected, the log-transformation resulted in a substantial improvement in the normality of all those variables. Linear regression was performed to determine the associations between total and individual phytoestrogens and CRP. Partial regression coefficients were estimated for changes in serum CRP (mg/L) per an interquartilerange (IQR) increase in urinary phytoestrogen (ng/mL). equol, O-desmethylangolensin, total lignin, enterodiol, and enterolactone, respectively. Logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for having serum CRP ≥ 3.0 mg/L in relation to urinary total and individual phytoestrogens. In the logistic regression, subjects were divided into quartiles, with those in the lowest quartile of total or each individual phytoestrogen serving as the reference group. The variables adjusted in the multivariable models of both the linear and logistic regressions were age, gender, race, education, BMI, smoking status, alcohol intake, and urinary creatinine. Urinary creatinine was included to control for variation in dilution effects derived from spot urine samples [20] . For both linear and logistic regressions, three models for the associations between urinary phytoestrogens and serum CRP were constructed: model 1 adjusted for creatinine level, model 2 additionally adjusted for age, gender, and race, and model 3 additionally adjusted for education, BMI, smoking status, and alcohol intake. The potential interactions of age, gender, BMI, education, smoking status, total energy intake, and sodium intake with urinary phytoestrogens in relation to serum CRP were tested and found to be not statistically significant. Marital status, and intake of alcohol, total energy, sodium, fat, and calcium were examined as potential confounders but not included in the final models because they were not statistically significant in the model or did not substantively alter risk estimates (<10%). A two-sided p-value of <0.05 was considered statistically significant. SPSS version 23 (Armonk, NY) was used for all statistical analyses.
Results
Characteristics of study subjects by the quartiles of serum CRP levels are shown in Table 1 .
Subjects in the highest quartile were more likely to be older, female, non-Hispanic black, obese, less educated, current smokers, and non-drinkers than those in other three quartiles (p-values for differences in all these variables across the quartiles were <0.0001). Urinary concentrations of total and all individual phytoestrogens (except equol and enterodiol) monotonically decreased with increasing quartiles of serum CRP concentrations (all p <0.0001). The association of both equol and enterodiol with CRP concentration levels were not statistically significant.
The results of multivariable linear regression analysis are presented in Table 2 The results of multivariable logistic regression analysis were displayed in Table 3 A comparison of the risk estimates obtained from the three fitted models in both the linear and logistic regression analyses show that the strength of the inverse associations between urinary phytoestrogens and serum CRP was generally weaker in the fully-adjusted model 3 than in the models 1 and 2, suggesting the confounding effects of education, BMI, cigarette smoking, and/or alcohol intake. When the regression analysis was restricted to subjects aged 50 years or older, the results described above materially remain unchanged, with an exception that the association between urinary equol and serum CRP became weaker and no longer statistically significant in the multiple linear regression analysis.
Discussion
The present study revealed significant inverse associations of urinary concentrations of total This possibility is indirectly supported by the overall attenuation of our observed inverse association between urinary phytoestrogens and serum CRP after adjustment for socioeconomic and lifestyle factors (education, BMI, cigarette smoking, and alcohol consumption). However, caution should be exercised as the potential mechanisms discussed above need to be further clarified by additional studies.
There are several strengths in the present study. A major strength is that it is among the first to investigate the associations between urinary phytoestrogens and serum CRP in a large representative sample of the U.S. population. Most previous studies published to date on this topic have been randomized trials carried out among specific population sub-groups (e.g. intake using dietary assessment instruments as no reliable food composition database on this group of compounds are available at this time [19] .
The present study also has several weaknesses. As it is a cross-sectional study, it is not possible for us to make any causal inference on the observed inverse associations between urinary phytoestrogens and serum CRP. Urinary concentrations of phytoestrogens were determined for only one point in time and therefore might not reflect the usual dietary intake of study subjects if within-person variation is substantial. Nevertheless, a British study has shown a significant, strong correlations between phytoestrogen concentrations in spot urine and those in serum (r >0.80) [19] . Spot, rather than 24-hour, urine samples were collected from NHANES participants primarily for feasibility reasons. Measuring phytoestrogens in spot urine is a potential weakness as the concentrations of these compounds are affected by urine dilution. To control for variation in urine dilution, concentrations of total and each individual phytoestrogen were normalized to urinary creatinine. This is a commonly used method to address this methodological issue [20, 45] . Therefore, our study has substantially expanded and strengthened the findings of those two previous studies. Second, the present study evaluated the associations between urinary phytoestrogens and serum CRP among NHANES participants of a more biologically relevant age range. Both previous studies analyzed the data collected from the participants aged 18 years or older. As mentioned previously, it is more methodologically appropriate to evaluate the associations between urinary phytoestrogens and serum CRP among subjects aged 40 years or older because such an analysis of mid-aged or old subjects could help to elucidate whether inflammation is involved in biological mechanisms linking dietary intake of phytoestrogens to the risk of cancer and cardiovascular diseases, major chronic conditions with low incidence rates among subjects aged 40 years or younger.
In summary, the present study found that higher urinary concentrations of total and individual phytoestrogens were associated with reduced serum concentrations of CRP, with the largest reduction observed for total phytoestrogens, lignan, and enterolactone. A growing body of evidence indicates that inflammation is involved in the occurrence of cancer and cardiovascular disease [49], which is supported by an increased risk of these diseases associated with high CRP levels in epidemiological studies [50, 51] . Previous studies have overall suggested that increased phytoestrogen consumption confers a beneficial effect on some cancers and cardiovascular disease through its influence on inflammation-mediated pathogenesis [52, 53] .
Therefore, the findings of the present study offer a novel biological basis for using phytoestrogens as a potential bioactive agent for the prevention of these life-threatening diseases. 
